INTRODUCTION
Fiber micro-knots are simple but powerful devices for detecting temperature, moister, and acceleration.
1, 2 However, so far, only simple fiber micro-knots were investigated while in silicon waveguides higher complexity of cavities are leading to unique devices. Complex fiber micro-knots can open an alternative rout in photonic micro-devices.
When tying a knot in a tapered fiber, the light which travels in the fiber, couples back into the micro-knot where the fiber is touching itself in the twist, 3 which results in a ring resonator. The transmission, E trans , of this resonator as a function of the propagating vector, k, is calculated by effective reflectivity as:
where l is the length of the micro-knot.
We fabricated different types of complex micro-knots and measured their transmission and reflection spectra as a function of the micro-knot size. [4] [5] [6] We measured their polarization dependence as well as their modal response. We also analyzed each complex micro-knot and found good agreement between the calculated results and the measured results. Representative pictures of the different types of complex fiber micro-knots are presented in Fig. 1 . The full derivation and experimental results of these complex micro-knots are presented in. 6 Here we describe in details how to design and fabricate such complex micro-knots.
SIMPLE MICRO-KNOT
We make a simple loop and hold it in left hand as shown in Fig. 2(a) and (b) . Then, we insert the fiber into the loop as shown in (c) and hold the fiber with the same fingers as shown in (d). Next, we pull the fiber until we have two loops with the same size as seen in (e). This stage is important for the micro-knots with higher complexity. We switch to our right hand as seen in (f), and we pull the two ends, which makes the fiber to jump to the final knot, as seen in (g) and (h). By pulling the fiber, we set the size of the micro-knot. For accurate control on the micro-knot diameter, we place it in motorized fiber holders under a microscope.
DOUBLE MICRO-KNOT
We repeat the stages of the simple micro-knot presented in Fig. 2(a) -(e) and obtain the two loops seen in Fig. 3(a) . Now, we repeat the process of inserting the end of the fiber into the first loop as seen in (b) and (c) to obtain three loops, as shown in (d). By pulling both ends of the fiber the fiber jumps again into a double micro-knot, as shown in (e) and (f). Finally, pulling the fiber carefully, the micro-knot shrinks. Special care should be given to the pulling in this stage since there are two knots which result in higher friction.
FIGURE-EIGHT MICRO-KNOT
We start with the same loop, as shown in Fig. 2(a) . However, instead of inserting the fiber end into the loop, we are encircling the loop and insert the fiber from the other direction as seen in Fig. 3(a) and (b), and make sure that the fiber end will go above the fiber which we just held, as seen in Fig. 4(d) . Then, we pull the ends of the fiber according to (e), and by pulling both ends of the fiber, we obtain a figure-eight micro-knot as shown in (f).
TANGLED DOUBLE MICRO-KNOT
We start with the same loop of the simple micro-knot presented in Fig. 1(a) -(e) and in Fig. 5(a)-(c) . Then we insert the fiber again into the loop to tie another knot, but this time, we will go above the first fiber and bellow the second one as shown in Fig. 5(d)-(f) . This creates two knots which are tangled together and seem like three loops, as shown in Fig. 5(g) . Finally, pulling the fiber leads to two micro-knots which are tangled together, as shown in Fig. 5 (h).
FUTURE PROSPECTS
We are planning to utilize these micro-knots for phase locking between micro-lasers, 7-11 manipulation of the state of polarization and the transverse fiber modes, 3, 12, 13 detection of biological samples by scattering [14] [15] [16] [17] or nano-particles, [18] [19] [20] [21] [22] [23] [24] [25] and for temporal manipulation of ultra-short signals.
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